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HIGH-CONTRAST SCREEN WITH RANDOM MICROLENS ARRAY 

FIELD OF THE INVENTION 

The present invention relates to a screen apparatus that includes a microlens 
array and provides high transmission and high image contrast, as well as rejection of 
ambient light. The three fundamental components of the screen constitute a microlens 
array, e.g., a random microlens array, a substrate that supports the array, and a layer of 
light-absorbing material. The substrate and the microlens array can be separate 
components or a single unitary component. 

The microlens array is preferably composed of generally anamorphic lens units 
that scatter and shape light according to distinct divergence angles along perpendicular 
directions. The use of random microlens units is also preferred since it eliminates the 
occurrence of image artifacts such as aliasing or moire patterns. In addition, the size of 
each microlens unit in the array is preferably chosen small enough to provide high 
resolution. A typical microlens diameter or, more generally, maximum transverse 
dimension is between 20 and 120 microns. 

The substrate, generally of a plastic material, provides support and mechanical 
rigidity to the whole screen. In the formation of the screen, an absorptive layer is added 
to the substrate, opposite to the microlens side, to provide ambient- light rejection and 
improve image contrast. Initially the light-absorbing material is added as a film layer, 
which is later exposed with aperture- forming illumination, e.g., ultraviolet illumination, 
to create apertures through which light propagates. The microlens array itself serves as 
the focusing element that creates the apertures. 

A major contribution to the art of the present invention relates to the design of 
the microlens units to attain efficient focusing of the aperture-forming illumination 
throughout the array. Each lens element in the array is thus optimized to present a focus 
plane close to the absorptive layer so as to maximize the density of absorptive material 
while allowing the image-forming illumination to reach the viewer substantially 
unimpeded. The present invention can be used for general screen applications such as 



-2- 

in rear- view projection televisions, computer screens, and general-purpose displays, 
among other devices. 
BACKGROUND OF THE INVENTION 

Display devices consist, in a broad sense, of an illumination system that 
5 provides luminous power (the light engine), relay optics such as lenses and mirrors, and 
a screen that projects information through images to the viewer in the so-called viewing 
space. The present invention relates to the screen component of display devices. 

Desirable optical qualities for screens include high transmission, high contrast, 
rejection of ambient light, absence of image artifacts, high gain, and wide viewing 
10 angles. The basic elements of the screen responsible for these optical properties include 
q a diffusing component, a supporting substrate, and an absorptive material. The 

diffusing component spreads the illumination in a controlled manner to direct the visual 
information to locations most likely occupied by the viewer. The absorptive material 
minimizes reflection of ambient light that reduces image contrast. Important examples 
15 of display devices include liquid crystal projection TV's; CRT projectors that use three 
distinct color sources in the light engine; flat-panel computer displays; and hand-held 
computing devices. 

As the demand for high-quality displays increases, so does the necessity for 
adequate screen designs. For instance, the advent of HDTV (high-definition television) 
20 requires a considerable increase in image resolution, which implies that the screen must 
be able to resolve very fine features in the images being projected. To minimize power 
consumption and maximize brightness the screen must transmit a high fraction of the 
luminous power generated by the light engine. It is desirable that the transmission 
efficiency exceed 80%. On the other hand, to provide image contrast, the screen 
25 requires some sort of absorptive material that helps reject ambient light. If not properly 
designed, this absorptive material may lead to a significant decrease in transmission 
efficiency. 

The diffusing component of screens used in virtually all commercial display 
systems to date rely on the use of lenticular arrays and/or random Gaussian surface 
30 diffusers. The lenticular arrays consist of cylindrical lenses with pitch between 300 
microns and up to 700 microns. An example of this type of screen can be found in US 
Patent No. 5,870,224. More recently, improved lenticular screens with pitch down to 
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150 microns have been used. Because cylindrical lenses diffuse the illumination in a 
single direction (usually the horizontal) it must be combined with another diffusing 
component in the perpendicular direction, generally a random surface diffuser, if some 
wider viewing range is desired in the perpendicular direction. 
5 The lenticular array and random Gaussian surface diffusers, while commercially 

available, present inherent disadvantages as follows. The lenticular array, because of its 
periodicity, may lead to diffraction effects as well as moire fringing effects. 
Furthermore, lenticular arrays provide limited control over the distribution and shaping 
of light in the viewer space. Gaussian surface diffusers have the serious disadvantage of 
10 introducing speckle, which adds a grainy appearance to the image, unacceptable to the 

D viewer. Also, Gaussian diffusers offer limited control over the scattering pattern. US 

□ 

Sj Patent No. 4,666,248 discloses a screen geometry based on the use of a regular array of 



pSj anamorphic lenses, in an attempt to obtain more control over the scattering profile. The 

regular nature of the array, however, does not avoid problems with diffraction and 
15 moire fringing effects. Furthermore, the size of each microlens unit is between 300 and 
py 500 microns, offering insufficient resolution for the increasingly high demands of 

Q visual display systems. 

p To provide a screen with ambient-light rejection capabilities and improved 

- y contrast it is necessary to introduce a light-absorbing component to the screen. A great 

20 majority of screens in commercial use add a bulk absorbing material (tint) to the body 
of the screen that, while adding contrast to it, also consumes a considerable fraction of 
the useful illumination originating in the light engine. In fact, transmission efficiency is 
typically below 60% and in many cases even less. 

A more attractive approach relies on adding a layer of light-absorbing material 

25 to a screen that has focusing elements and has the absorbing material perforated in such 
a way that light is focused through the apertures, as illustrated in FIG. 1. This is the 
approach described in US Patent Nos. 5,870,224; 4,666,248; 5,066,099; and 4,721,361. 
The main advantage of this scheme is that high transmission may be maintained even if 
the screen presents a high density of light-absorbing material. 

30 Although this approach seems promising, there are some known difficulties 

such as quality of the apertures, mask alignment for aperture formation, and uniformity 
of the dark absorptive material. Also, the focusing array in the prior art has never been 
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optimized to operate with the light-absorbing material, except for the use of a common 
focal distance for all focusing units. As a result, demonstration of the concept of a high- 
transmission screen through apertures perforated on a light-absorbing material has not 
been satisfactorily achieved by the prior art and is unavailable in current commercial 
5 display systems. 

Some screens commercially available use focusing elements such as glass beads 
immersed on a light-absorbing material but this approach consumes a large fraction of 
the incident illumination and, therefore, cannot be considered satisfactory. 

As a further aid in ambient-light rejection, US Patents Nos. 4,666,248 and 
10 4,721,361 disclose a concept where a surface of the screen is structured with anti- 
Q reflection capabilities but this adds further complexity and may lead to image artifacts, 

'■a I 

|.y unacceptable to the viewer. Furthermore, if the density of light-absorbing material in 

the screen is high, such as above 70%, there is little need for the further complication 
p caused by an anti-reflection structured surface. 

^15 In contrast to the foregoing, the present invention is geared towards high density 

JJ of light-absorbing material and thus allows a simpler screen architecture. 

5 SUMMARY OF THE INVENTION 

iJ The present invention addresses the drawbacks of the prior art, as described 

above, providing a novel and improved screen configuration that offers high 

20 transmission, high contrast, efficient ambient light rejection, high resolution, absence of 
image artifacts due to diffraction and moire fringing, and widely controllable scattering 
angles to the viewer. 

In accordance with one of its aspects, the invention provides a screen 
configuration comprising a diffusing element in the form of an array of microlenses 

25 which are preferably both random and generally anamorphic, a substrate, and a layer of 
light-absorbing material. In a first step, the microlens array, the substrate, and the layer 
of light-absorbing material are integrated in a single sheet. (As discussed above, the 
microlens array and the substrate can constitute a single unit if desired.) In a second 
step, the sheet is exposed to aperture-forming illumination, e.g., ultraviolet light, 

30 through the microlens array itself to create apertures in the light-absorbing material. 
There is no need to use external alignment masks and the initial self-alignment 
guarantees that light is efficiently transmitted through the apertures. The microlens 
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array is especially designed such that the apertures created by the aperture-forming 
illumination preferably do not block any portion of the useful luminous energy from the 
light engine (the image-forming illumination). At the same time, the microlens array is 
especially designed to maximize the density of light-absorbing material remaining after 
5 the creation of the apertures. By apertures we mean either physical apertures (holes) or 
a transparent area in the light-absorbing material. The particular case depends on the 
interaction between the light-absorbing material and the aperture-forming illumination, 
e.g., the interaction can constitute ablation or a photo-chemical reaction. 

In accordance with another aspect, the invention provides a random microlens 
10 array that focuses substantially all the aperture-forming incident light onto a light 
3 absorbing layer to create apertures through which image-forming illuminating radiation 

3 propagates. The light-absorbing material is located with respect to the microlens array 

*i so that the size of each aperture is minimized while at the same time allowing the 

* screen to produce an acceptable image. 

15 In accordance with a further aspect, the invention provides an array of 

anamorphic microlenses (preferably, a random array) such that light is focused at two 
distinct spatially-separated planes and creates distinct viewing angles away from the 
screen. Each microlens element is optimized so that the first focal plane away from the 
^ microlens array is substantially aimed at the light absorbing layer to create apertures 

20 through which image-forming illuminating radiation propagates. The light-absorbing 
material is located with respect to the microlens array so that the size of each aperture is 
minimized while at the same time allowing the screen to produce an acceptable image. 

In accordance with a still further aspect, the invention provides an array of 
anamorphic microlenses (preferably, a random array) such that light is focused at two 
25 distinct spatially-separated planes and creates distinct viewing angles away from the 
screen. Each microlens element is optimized so that the second focal plane away from 
the microlens array is substantially aimed at the light absorbing layer to create apertures 
through which image-forming illuminating radiation propagates. The light-absorbing 
material is located with respect to the microlens array so that the size of each aperture is 
30 minimized while at the same time allowing the screen to produce an acceptable image. 

In accordance with an additional aspect, the invention provides an array of 
anamorphic microlenses (preferably, a random array) where the diameter of each 



microlens unit is different along two perpendicular directions so that the spatially- 
separated focal points of the microlenses are brought closer together, while maintaining 
distinct divergence angles for two perpendicular directions. The light-absorbing 
material is located with respect to the microlens array so that the size of each aperture is 
minimized while at the same time allowing the screen to produce an acceptable image. 

The invention also provides a method that allows the depth of the microlens 
array and the thickness of the substrate to be chosen arbitrarily and independently of 
each other in the case where the desired divergence angles differ along two 
perpendicular directions. 

In a realization (embodiment) of the invention, the microlens units in the array 
are arranged in a close-packed square array. 

In a realization (embodiment) of the invention, the microlens units in the array 
are arranged in a close-packed rectangular array. 

In a further realization (embodiment) of the invention, the microlens units in the 
array are arranged in a close-packed hexagonal array. 

In another realization (embodiment) of the invention, the microlens units in the 
array have spherical boundaries and are arranged in a hexagonal array. 

In a further realization (embodiment) of the invention, the spatial arrangement 
of the microlenses is random with each microlens unit defined by general polygonal 
boundaries. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of horizontally-modulated lines. 

In another realization (embodiment) of the invention, the apertures formed in 
the light-absorbing material have the shape of vertically-modulated lines. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of horizontal ovals in a hexagonal spatial 
arrangement. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of horizontal ovals in a square spatial 
arrangement. 



According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of vertical ovals in a hexagonal spatial 
arrangement. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of vertical ovals in a square spatial 
arrangement. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of horizontal ovals of varying size with a 
seemingly random spatial arrangement. 

According to a realization (embodiment) of the invention, the apertures formed 
in the light-absorbing material have the shape of vertical ovals of varying size with a 
seemingly random spatial arrangement. 

As used herein, the term "anamorphic" and the phrase "generally anamorphic" 
refers to a lens (e.g., a microlens) which has different optical powers along two 
orthogonal axes, the difference between the two powers being greater than 5 percent, 
i.e., Oi-<D 2 /Oi > 0.05 where Oi>O z 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows illumination focused through a screen with perforated apertures in 
a light-absorbing material. 

FIG. 2 shows the basic geometry of a screen (cross-section), according to the 

present invention. 

FIG. 3 shows the index of refraction of polycarbonate for illumination of 
wavelength between 300 nm and 700 nm. 

FIG. 4 shows the focal position for a polycarbonate microlens of radius 50 
microns for illumination of wavelength between 300 nm and 700 nm 

FIG. 5 shows an ideal focusing situation through the light-absorbing material. 

FIG. 6A and FIG. 6B show two undesirable focusing situations through the 
light-absorbing material. 

FIG. 7 shows focusing by a microlens and resulting spot size based on a ray 

picture. 

FIG. 8 shows a plot of rays focused by a single lens of diameter 100 microns. 
FIG. 9 shows in detail the focal point for the 100-micron lens shown in FIG. 8. 



FIG. 10 illustrates focusing by an anamorphic microlens. 
FIG. 1 1 illustrates focusing by an microlens with different diameters along the 
fast and slow axis. 

FIG. 12 illustrates the attainment of a wider divergence angle with a larger 
diameter. 

FIG. 13 illustrates the path followed by a light ray from air, through a 
microlens, substrate, and again refracted into air. 

FIG. 14 illustrates a screen configuration that uses the fast axis to create 
apertures in the light-absorbing material. 

FIG. 15 illustrates a screen configuration that uses the slow axis to create 
apertures in the light-absorbing material. 

FIG. 16 illustrates a microlens array with a square close-packed spatial 
arrangement. 

FIG. 17 illustrates a microlens array with a hexagonal close-packed spatial 
arrangement. 

FIG. 18 illustrates a microlens array of spherical boundaries with a hexagonal 
close-packed spatial arrangement. 

FIG. 19 illustrates boundaries of microlenses in a random spatial arrangement. 

FIG. 20A illustrates a microlens array of spherical boundaries with a hexagonal 
close-packed spatial arrangement and random interpolation between microlenses. 

FIG. 20B illustrates an interpolation function between two points on the 
perimeter of two microlenses. 

FIG. 21 illustrates a cross-section of a screen geometry used in a practical 
demonstration. The dimensions shown in this figure are representative. 

FIG. 22 shows a top view microscope picture of a random anamorphic 
microlens array of circular boundaries in a hexagonal arrangement. 

FIG. 23 illustrates apertures created in the light-absorbing material for the 
screen geometry shown in FIGS. 21 and 22. 

FIG. 24 illustrates apertures created in the light-absorbing material for the 
screen geometry shown in FIGS. 21 and 22 with a longer aperture-creating ultraviolet 
exposure than in FIG. 23. 

FIG. 25 shows the variation in density of light-absorbing material as a function 
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of substrate thickness for a screen design with target thickness 50 microns and depth of 
microlens array 20 microns. 

FIG. 26 shows the variation in density of light-absorbing material as a function 
of substrate thickness for a screen design with target thickness 50 microns and depth of 
5 microlens array 30 microns. 

FIG. 27 shows the variation in density of light-absorbing material as a function 
of substrate thickness for a screen design with target thickness 75 microns and depth of 
microlens array 20 microns. 

FIG. 28 shows the variation in density of light-absorbing material as a function 
10 of substrate thickness for a screen design with target thickness 75 microns and depth of 



□ microlens array 30 microns. 



O 

G FIG. 29 shows the variation in density of light-absorbing material as a function 

jjjj of substrate thickness for a screen design with target thickness 100 microns and depth 

M of microlens array 20 microns. 

15 FIG. 30 shows the variation in density of light-absorbing material as a function 
of substrate thickness for a screen design with target thickness 100 microns and depth 

□ of microlens array 30 microns. 



FIG. 31 shows the variation in density of light-absorbing material as a function 
of substrate thickness for a screen design with target thickness 125 microns and depth 
20 of microlens array 20 microns. 

FIG. 32 shows the variation in density of light-absorbing material as a function 
of substrate thickness for a screen design with target thickness 125 microns and depth 
of microlens array 30 microns. 

FIG. 33 shows the geometry of apertures in the light-absorbing material 
25 according to the prior art. 

FIG. 34 shows the geometry of apertures in the light-absorbing material 
according to the present invention in the form of horizontal modulated lines. 

FIG. 35 shows the geometry of apertures in the light-absorbing material 
according to the present invention in the form of horizontal ovals. 
30 FIG. 36 shows the geometry of apertures in the light-absorbing material 

according to the present invention in the form of vertical ovals. 

FIG. 37 shows the geometry of apertures in the light-absorbing material 
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according to the present invention in the form of vertical modulated lines. 

FIG. 38 shows the geometry of apertures in the light-absorbing material 
according to the present invention in the form of horizontal ovals of variable sizes and 
locations. 

5 FIG. 39 shows the geometry of apertures in the light-absorbing material 

according to the present invention in the form of vertical ovals of variable sizes and 
locations. 

The foregoing drawings, which are incorporated in and constitute part of the 
specification, illustrate the preferred embodiments of the invention, and together with 
10 the description, serve to explain the principles of the invention. It is to be understood, 
of course, that both the drawings and the description are explanatory only and are not 
restrictive of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

We now describe in detail the implementation of the present invention in 
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The microlens array as described in the present invention is coupled to two 
basic additional elements that define the screen: the substrate and the light absorbing 
layer. These components are shown in FIG. 2. Actual fabrication of the screen may 
* y require the use of intermediary layers but the optical properties of the screen are 

20 fundamentally determined by the layers shown in FIG. 2: the microlens array 11, the 
substrate 12, and the light-absorbing material 13. Other components may be 
supplemented to the screen for additional mechanical rigidity or packaging. When 
these other components are used, they should be chosen so as not to affect the optical 
performance of the screen in any significant manner. 
25 To implement the present invention, a knowledge of the following items is 

needed: (1) the spectrum of the exposing illumination that creates apertures in the light- 
absorbing material (aperture-forming spectrum); (2) the spectrum of the illumination 
that creates the images observed in the viewing space (image-forming spectrum); (3) 
indices of refraction of the microlens material over said spectra (aperture- forming and 
30 image-forming); (4) indices of refraction of the substrate over said spectra (aperture- 
forming and image-forming); (5) indices of any intermediary layers of materials 



between the light-absorbing material and the substrate over said spectra (aperture- 
forming and image- forming). 

A first step of importance for the present invention is an understanding of the 
focusing properties of each microlens unit. Consider that the microlens array and the 
substrate are composed of the same type of material or two distinct materials with very 
similar indices of refraction. If this is the case, we say that the materials are optically 
equivalent. There is considerable advantage in using optically equivalent materials to 
avoid surface losses and to avoid changing the effective focusing power of the lenses. 
Assume, for instance, that the lenses and the substrate are composed of polycarbonate, 
a plastic material common in the production of screens. The variation of the index of 
refraction for polycarbonate is shown in FIG. 3 in the spectral range between 300nm 
and 700nm. As a consequence of this variation, the focal position also varies with 
wavelength. For example, if a spherical microlens has a radius of curvature R = 50 jam, 
the focal distance into the polycarbonate material varies as shown in FIG. 4. Within a 
geometrical-optics, paraxial approximation, the focal position/(A,) is given by 

where n(X) is the index of the material at wavelength X and R is the radius of curvature 
of the microlens surface. 

To provide maximum contrast and ambient light rejection, the density of light 
absorbing material must be maximized so that preferably 70% or more of the total 
surface is essentially absorbing. In this way, substantially most of the illumination 
incident on the screen from the viewer side is absorbed and does not return to the 
viewer thereby improving contrast and eliminating visual artifacts due to the ambient 
illumination. Consequently, if the density of light absorbing material is to be 
maximized, the apertures created by the aperture-forming illumination need to be as 
small as possible. On the other hand, the apertures cannot be so small that they block a 
portion of the light from the image-forming spectrum. The ideal situation is illustrated 
in FIG. 5. 
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In the initial stage of aperture-formation, the microlens array 51 is illuminated 
with the aperture-forming illumination, typically in the ultraviolet region of the 
spectrum such that X < 400nm (X represents optical wavelength). The corresponding 
focal point 52 is formed closest to the microlens array. When projected to a viewer, the 
5 incident illumination is generally in the visible region of the spectrum, between 400nm 
and 700nm. The short wavelength in the image-forming spectrum has a focal point 53 
closer to the microlens array while the long wavelength has a focal point 54 farther 
away. As FIG. 5 clearly indicates, careful positioning of the light-absorbing material 55 
allows formation of apertures in a such a way that the cone of light associated with the 
I j. 10 longest wavelength in the image- forming spectrum is not blocked. 

O FIG. 5 thus shows the ideal position for the light-absorbing material 55 which, 

□ 

Si as shown, just allows the cone of light of the longest wavelength to pass through. Two 

IS undesirable circumstances are shown in FIGS. 6 A and 6B. In FIG. 6 A the substrate 

Q 

thickness is such that the light-absorbing material is close enough to the microlens 
15 array so that it blocks portions of the image-forming spectrum (the ideal position for the 
light-absorbing material is indicated by the vertical solid line). In this case the density 

P of light-absorbing material is high, improving ambient-light rejection and contrast, but 

Si 

p color artifacts may cause problems to the viewer. In FIG. 6B, the substrate thickness is 

m such that the light-absorbing material is far enough from the microlens array so that no 

20 portion the image-forming spectrum is blocked (the ideal position for the light- 
absorbing material is indicated by the vertical solid line). In this case no undesirable 
color effects are caused by the screen but the density of light-absorbing material is sub- 
optimum, decreasing ambient-light rejection and contrast. 

Given that the optimum position for the light-absorbing material is now 
25 qualitatively understood, that is, the optimum position should maximize the density of 
light-absorbing material while allowing the image-forming spectrum through, we now 
proceed to calculate what that optimum position is as a function of the aperture- forming 
and image-forming conditions. For this purpose, let us estimate the size of the projected 
aperture formed by a given microlens on the light-absorbing material. This can be 
30 determined with the help of FIG. 7. If we note that the convergence angle 9 is given by 



I'll 



-13- 



0 



tan0=^r, (2) 



where D is the diameter (aperture) of the focusing microlens unit and / is the focal 
distance, then the diameter as a function of the distance z to the projected aperture D(z) 
is given by 



D{z) = 



f 



D. (3) 



Q To maintain mathematical simplicity and allow us to derive closed-form 

10 expressions we have neglected the maximum sag of the microlens (s m ) at this stage of 
;i{ our analysis. This is equivalent to assuming a thin-lens approximation with a well- 

defined focal point. In practice, however, we need to take into account the effect of 
microlens sag and this is best done by numerical means. We will discuss later how the 
expressions derived under the thin-lens approximation can be modified. In this purely 
□ 15 geometric limit the projected aperture size is reduced to zero at the focal point and 
r! simply reproduces the microlens diameter when z = 0. 

FU Now let fexp be the focal length associated with the aperture-forming wavelength 

that creates the apertures in the light-absorbing material and/ max be the focal position 
associated with the longest wavelength in the image-forming spectrum. The formation 

20 of the apertures is typically the result of a chemical interaction between the light- 
absorbing material and the aperture-forming illumination, which is confined to some 
interval between a minimum wavelength value X min and a maximum value A, ma x. There 
is typically a wavelength at which the sensitivity of the light-absorbing material is 
maximum: X peak . The chemical interaction with the aperture-forming illumination also 

25 generally occurs in a nonlinear fashion by means of energy thresholds. This means that 
an aperture is formed whenever the luminous energy impinging on the light-absorbing 
material exceeds some threshold e(k,At), which is dependent on the wavelength 
X m in < ^ ^ >w and on the exposure time At. Short exposure times favor the wavelength 
of maximum sensitivity (Vak). However, as At increases other wavelengths within the 

30 sensitivity range also become important, since eventually the threshold necessary to 
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form apertures at these wavelengths is reached. For the purpose of optical design, it 
suffices to consider the minimum wavelength value of the aperture-forming spectrum 
that exceeds the threshold and creates apertures, since this value focuses the closest to 
the microlens. An exact determination of exposure parameters depends on the 
5 sensitivity of the light-absorbing material, which needs to be determined empirically or 
provided by the manufacturer. The focal length f exp is therefore associated with the 
smallest value of wavelength in the aperture-forming spectrum that exceeds threshold 
and is able to create apertures. 

The conditions that (1) the position of the light-absorbing material must allow 
10 passage of the cone of light associated with the longest image-forming wavelength and 
O (2) the density of light-absorbing material should be as high as possible, can be 

I' j expressed in mathematical terms as follows: 

fU 

o 

M, X - f f — T 

J«*. D=t lss* T jP> (4) 
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Q where t gives the best position for the light-absorbing material and, thus, represents the 

ideal substrate thickness. The above relation can be simplified to yield the following 
expression 



2 1 1 

- = — + — , (5) 

w J exp J max 



which establishes in a rather simple form the position the light-absorbing material must 
satisfy with respect to the microlens array in order to operate optimally from an image- 
forming perspective. Relation (5) expresses very elegantly the relation between the 

25 position of the light-absorbing material (x), the focal distance of the aperture-forming 
wavelength (/~ eX p), and the focal distance of the longest image-forming wavelength 
(fmax)- Note that the value i only refers to the thickness of the substrate. Again, 
analogous to the discussion following Eq. (3), Eq. (5) is correct only within a paraxial 
approximation when the microlens thickness can be neglected. Later we discuss the 

30 more general case where the microlens thickness is taken into account. 
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Now that the best position for the light-absorbing material has been determined, 
we can proceed to characterize the performance of the screen with respect to the density 
of light-absorbing material, which directly impacts the contrast. A convenient way to 
define the density of light-absorbing material is to consider the ratio between the area 
5 of the aperture in the light-absorbing material and the area of a microlens element. If 
one further realizes that a measured area is proportional to the square of the diameter of 
the aperture, then the density of light-absorbing material p as a function of the distance 
to the microlens array is given by 
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3 where it is clearly seen that, at the location of the exposing wavelength focus, the 

P density of light-absorbing material is 1, or 100%, in this purely geometric ray picture. 

^ Away from this focal point the aperture size increases and, naturally, the density of 

'U 15 light-absorbing material decreases. The question then becomes what is the maximum 
5 possible density of light-absorbing material given that finite-size apertures are required 

for proper operation (since the cones of light in the image-forming spectrum must be 
allowed to reach the viewer). 

To calculate the density at the optimum position, x, for the light-absorbing 
20 material it is necessary to combine Eqs. (5) and (6). For this purpose we can rewrite 
Eq. (5) in the following form 



^f exp f max / _ - v 

x = f —f ' (51) 

J exp J max 



25 and then insert the value of x in Eq. (6) as follows 



^"fexp fx 



exp J max 



,(0=i- 



fexp fm 

______ 



exp 



exp 



= 1 



f f f -f 2 ^ 

J exp J max J exp 

. f f + f 2 , 

^ J exp J max J exp J 
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ff -f \ 

J max J exp 
^ -/max fexp ) 
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which can be finally calculated to be 

p(t)= 77 — TT' 

\J exp ./max y 

The expression provided by Eq. (7) above defines the density of light-absorbing 
material at its optimum position x. In practice, however, the substrate presents thickness 
variations that can typically range from 2% up to 15%. It is preferable to maintain 
thickness variations to a minimum so that the light-absorbing material maintains a 
uniform appearance to the viewer. It can be seen from Eq. (6) that the worse situation 
occurs for z = 2f Qxp , in which case the density of light-absorbing material drops to zero. 
In practice, it is desirable to have a high density of light-absorbing material to ensure 
high contrast and effective ambient-light rejection. Since most of the surface area 
should be absorbing, let us impose 50% as the minimum tolerable density below which 
the screen is considered unacceptable. Optimum target values for the density are 
typically above 70%. Using Eq. (6) and constraining the density to be no less than 50% 
leads to the requirement z < z max where 

Consequently, to ensure that the density of light-absorbing material exceeds 
50% and at the same time to allow the cone of light associated with the longest 
wavelength in the image-forming spectrum to be transmitted, the following condition 
must be satisfied by the target substrate thickness x 

_ J exp f max ^ - f . 1 ] 

2 f — f - T</ 4 1+ vfJ' (9) 

J exp T J max x > J 
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which can be seen as the allowed tolerance on substrate thickness for the location of the 
light-absorbing material. Associated with the tolerance range stipulated by inequality 
(9) one finds the following variation in the density of the light-absorbing material 



The above calculations allow the determination, within a thin-lens paraxial 
approximation, of the optimum position and density of light-absorbing material as a 
function of the spectral properties of the aperture-forming illumination and the spectral 
properties of the image-forming illumination. Also, it indicates the allowed variation of 
substrate thickness that still maintains an acceptable density of the light-absorbing 
material. 

Now that we have shown how to determine the optimum position for the light- 
absorbing material in terms of the exposing and operating conditions and characterized 
its properties, it remains to determine the appropriate microlens array. According to the 
preferred embodiments of the present invention, each microlens in the array focuses 
substantially all aperture-forming light onto the light-absorbing material. The focusing 
is such that the density of light-absorbing material is maximized while allowing the 
cone of light associated with the longest wavelength of the image-forming spectrum to 
pass through. In addition, the present invention preferably provides that, while all 
lenses focus at least one of their axes at the light-absorbing material, the array itself as a 
whole is random. The means to achieve this remarkable effect are discussed below. 

The surface profile of a given microlens is defined by a mathematical function 
that represents the sag or the depth measured with respect to a local coordinate system. 
The sag is typically defined in terms of radii of curvature and other terms such as conic 
constants, aspheric terms, or any other appropriate functional forms. To demonstrate 
this aspect of the invention, we choose the specific example of a one-dimensional array 
where each microlens is described by the following hybrid spherical/parabolic sag 
function 
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s ( x )=a(R s -jRl-x 2 ) + ^-, (11) 

where R s represents the spherical radius of curvature, R p is a parabolic radius of 
curvature, and a is a scale factor to the spherical component of the sag function. In 
general, however, the sag function may assume a more complicated functional form. 
Extension to two dimensional cases can be done in a similar fashion by concentrating 
on a single axis if the microlens is anamorphic or using the same equation if the 
microlens is rotationally-symmetric since in this case the sag profile is dependent on a 
single radial local coordinate. If the sag is expressed as a more complex function, it is 
only required that the function be expanded in a Taylor series to determine the 
coefficient to the quadratic term since this term determines the focusing properties of 
the microlens. The Taylor series expansion for a sag function in general can be written 
as 

^)^ + Iv 2 \ (12) 

where R eq is an equivalent radius of curvature and c 2 k refers to higher-order terms. If 
such an expansion is carried out for the sag function expressed by Eq. (11) one finds 
that the equivalent radius of curvature is given by 

R P R s 

R = 1L - L — . (13) 

- *R p +R, 

We should now be reminded that the focal length is expressed in terms of the 
radius of curvature by means of Eq. (1). Also, the substrate thickness x must obey Eq. 
(5) in order to maximize the amount of light-absorbing material and allow all of the 
image-forming spectrum to be transmitted. If we combine Eq. (1) with Eq. (5), we find 
that the radius of curvature must satisfy the following relation 
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^■(•"i-i-)- <14) 

which can now be combined with Eq. (13) to provide the following relation 

_^Ji-^--LA (15) 
aR p +R s [ 2w exp 2n m ) 

The above expression establishes the relation between (1) the parameters that 
define each microlens in the array, (2) the thickness of the substrate, and (3) the 
material properties relevant to the creation of apertures and efficient light transmission 

10 through them. The above relation also shows the means to maintain a common 
substantial focus for the aperture-forming illumination for all lenses while allowing the 
array to be composed of randomly varying units: one or more parameters can assume 
random values while the others are constrained to obey Eq. (15). For example, if we 
allow a and R s to vary randomly within some appropriate range, then the value of R p 

15 calculated from Eq. (15) is given by 

*-- ,/(, 1*' . \ ■ (151) 

RJ 1 r -a 

s f { 2n exp 2n m ) 

The specific range of variation for the parameters that define a given microlens 
20 are dependent on the desired focal positions for the aperture-forming illumination as 
well as the divergence angles for the image-forming illumination available to the 
viewer. This point will be discussed in more detail later. 

An important note regarding the above description of the screen design refers to 
the fact that the analysis is based on a paraxial approximation of the microlens focusing 
25 ability. For some applications, such as rear-projection television, the required 
divergence angles are such that the microlens sag is in the range between 15-40^m 
with diameters between 30-80|im and thus in general cannot be described accurately 
using the thin-lens paraxial approximation. This means that the relation for focal length 
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expressed by Eq. (1) is no longer valid but should be replaced by another expression of 
the form 

/ = / 0 +A/, (16) 

5 

where/o is the focal length calculated using Eq. (1) and A/represents a contribution that 
accounts for deviations from paraxial conditions. In this case, the whole range of 
geometric rays no longer concentrate on a single point but attain a minimum spot at the 
so-called "circle of least confusion." This phenomenon is illustrated in FIGS. 8 and 9 
10 for a spherical lens (R p = oo,R s = 120 |am, and a = 1) separating air and a medium of 
index of refraction equal 1.5. According to Eq. (1) the paraxial focus is located 360 |am 

away from the vertex. 

FIG. 8 shows calculated rays as refracted at the lens surface for a point source 
located at infinity and a lens diameter of 100 |xm. A closer look at the focal point, FIG. 
15 9, shows the paraxial focus and the circle of least confusion. For this case, the best 
ffi focus is at 349 urn, implying that A/in Eq. (17) equals -1 1 |am. Taking into account the 

best focus position by means of Eq. (16), the previous analysis based on a paraxial 
approximation can be used to design the microlens array with proper corrections for 
those cases where the paraxial approximation cannot be adopted with acceptable 
20 accuracy. The means to modify the relevant equations to the non-paraxial case is shown 
in Table I. Unfortunately, there are no simple closed-form expressions for foci or 
aperture location and density of the light-absorbing material in the non-paraxial case. 
Consequently, the variation caused by the term Af needs to be determined numerically 
by means of optical ray-tracing computer programs that can be either custom developed 
25 or acquired commercially (examples include CODE V, OSLO, and ZEMAX). 
Examples of the results obtained using such a program (specifically, ZEMAX) are 
presented below 

For screen applications it is often desired to spread the image-forming 
illumination differently in the vertical and horizontal directions, generally with wider 
30 horizontal angle span. The horizontal viewing space is thus referred to as the fast axis 
while the vertical space is the slow axis. (In various of the figures, the fast axis is 
shown as having a vertical orientation for ease of presentation.) The reason for this 
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nomenclature is that for a constant aperture, lenses with short focus lead to wider 
divergence angles and are said to be "fast". Similarly, lenses with long focus lead to 
narrow divergence angles and are said to be "slow". An important consequence of this 
distinction is that fast lenses are thicker than slow ones. 

Two methods can be used to achieve a differing angular span for two 
perpendicular axes. The first method is to employ anamorphic lenses that provide 
different amounts of focusing power for the two perpendicular axes. This approach is 
illustrated in FIG. 10. The microlens diameter D is the same for each axis but the 
focusing powers are distinct, leading to distinct microlens sag values s fast and s S hw, 
along fast and slow directions, such that Sf ast > s s hw 

The second method also typically, but not necessarily, uses anamorphic lenses 
but, in addition, uses different diameters along perpendicular directions. For an 
anamorphic microlens, this has the important advantage that the spatially-separated 
focal planes of the microlens are brought closer to each other compared to the spacing 
that would exist if the microlens had the same diameter along the two perpendicular 
directions. This is illustrated in FIG. 1 1. The fast axis has diameter Df while the slow- 
axis diameter is D s and the following relation is satisfied Df > D s . 

The increase in diameter leads to increased microlens sag. To maintain the 
desired divergence, the increase in diameter must preserve the "speed" of the 
microlens, which determines the divergence and is basically defined by the ^number of 
the lens f , given by 

(17) 

25 where /and D denote the focal length and diameter, respectively. As can be seen from 
FIG. 7, the full divergence angle A9 along a given axis is given by 

A0 =2arctan— ^ , (18) 

30 where AG = 29 (again with reference to FIG. 7). Therefore, if one starts with an 
anamorphic microlens of diameter D and f/number f along the fast axis (focal distance 
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f fast ) and wishes to bring the fast focus closer to the slow focus position, the new 
diameter £ymust be given by 



where f fast is the new (longer) focal distance for the fast axis. The new focal distance, 
in turn, corresponds to a new radius of curvature for the fast axes in Eq. (1), i.e., R 
becomes larger. (The situation where the slow-axis diameter is made larger is also 
possible and in this case D s > D f . However, this case moves the focal distances for the 
10 fast and slow axes apart, rather than together, and thus is generally not useful in 
practice.) In general, the powers along the two axes will remain different after the 
diameter adjustment, although in some cases the powers could be substantially the 
same. 

There are, of course, implications with the two methods described above (i.e., 

15 the same diameter with different powers versus different diameters with less different 
powers) described above. For instance, microlenses with larger diameters lead to 
deeper sags and this may pose fabrication difficulties. On the other hand, the focus spot 
due to an anamorphic microlens (same diameter along fast and slow directions) is slit- 
shaped while for distinct diameters it becomes an oval of smaller area leading to higher 

20 density of light-absorbing material. These aspects must be considered in the design 
according to performance specifications and fabrication capabilities. It should be noted 
that fast axis/slow axis issues may not be relevant if the screen is to relay information to 
a single user at near-normal viewing angles such as certain types of computer screens 
or portable movie (DVD) screens. In either case, i.e., whether or not spatial spread in 

25 viewer space is important, the present invention may be applied to produce an efficient 
high-contrast screen. 

The approach previously described allows the definition of a random array of 
microlenses that provides high density of light-absorbing material while allowing 
transmission of the image-forming spectrum. The next step consists of defining which 

30 focal plane is used to expose the layer of light-absorbing material. The simplest case 
occurs when the divergence angles and diameters are identical for the fast and slow 
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axes, since in this case the fast and slow foci coincide. The main consequence of this 
fact is that the focal position of each microlens is constrained by the substrate thickness 
in order to achieve a desired density of the light absorbing material. On the other hand, 
if divergence angle is also to be controlled, i.e., if a fast axis and a slow axis are desired 

5 and a common aperture-forming focus is also desired for the fast and slow axes, the 
only way to do so is by changing the microlens diameter. This is shown in FIG. 12 
where to illustrate the aperture-forming process, the illuminating wavelength belongs to 
the aperture forming spectrum although the same effect will be seen for the image 
forming spectrum. For diameter Dj the divergence angle is 0i. To obtain a larger 

10 divergence 0 2 > ©i for the same focal position for the illuminating wavelength, one 

E3 needs a larger diameter D 2 , which leads to deeper microlenses. 

Q 

Before discussing the more general case of anamorphic microlenses, we will 
S«j first establish the relation between divergence angle and microlens profile, since it is 

the difference in profile between the two axes of an anamorphic lens which for a 
« 15 common diameter results in different divergence angles along the two axes. (Note that 
jiy as discussed above, for an anamorphic lens, both powers and diameters can be used to 

j«j achieve the desired divergence angles and aperture characteristics. The microlens 

SI 

□ profile separates two media of distinct indices of refraction, typically air and plastic or 

^ glass. The divergence angle is related to the ability of the microlens to bend rays at high 

20 angles and this feature, in turn, is related to the slope angle of the microlens profile at a 
given location. Since slope angle is determined by the derivative of a function, it 
becomes clear that the divergence angles are determined by the derivative of the sag 
and not the sag itself. This is illustrated in FIG. 13, which shows an individual 
microlens, a substrate, and a layer of light-absorbing material. Light is incident from 
25 the microlens side, focuses through the substrate and further propagates into air. Let the 
function s denote the microlens sag profile and s' its first derivative. If 0i denotes the 
angle of incidence on the microlens surface and 0 2 is the refracted angle into the 
substrate, then Snell's law states that 
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n x sin(arctan s') = n 2 sin0 2 , (20) 
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where we note that the incident angle is given by the arctangent of the derivative of the 
sag profile. With reference to FIG. 13, note that 0 O = Oi - 6 2 . The total divergence angle 
AG in viewer space is given by 26. If we substitute these results into Eq. (20) and once 
again use Snell's law to transfer from the substrate into air (viewer space), the 
5 following relation is found 



n x sin(arctan s') = n 2 sin 



arctans' -arcsin 









sin^-Aej 




\n 2 







, (21) 



m 



y> which establishes a transcendental relation between slope angle (related to the 

q 10 derivative of sag function) and divergence angle in viewer space (AG), given the 
^ material parameters. When designing a particular screen with full divergence angle A0, 

|3 it is thus necessary to define the functional form of the sag function, which may depend 

Ip on several parameters as in the case of Eq. (1 1). The use of Eq. (21) then determines the 

relation that must be satisfied by these parameters to ensure a given value of AG. 
15 As we have seen, if the fast and slow angle divergence are the same, the 

substrate thickness defines the focal position for the microlenses and if any control of 
divergence angles in viewer space is then desired, it can be attained only with variation 
of microlens diameter. However, if the divergence angles are allowed to be distinct 
from the beginning, i.e., if the divergence angles are allowed to be a function of profile 
20 configuration as opposed to just microlens diameter, greater design flexibility ensues. 
The reason is that in this case, a given axis can be used for exposure of the light- 
absorbing material while the other axis is used to control divergence along the 
remaining direction without being constrained by the substrate thickness. 

A first possibility is to use the fast axis to expose the light-absorbing material as 
25 illustrated in FIG. 14. In this case, the fast axis divergence is controlled by the 
substrate thickness and the microlens diameter. Since, as we have stated before, the fast 
axis represents the direction of wide angle divergence, this configuration generally 
requires thin substrates, in the range of 25 - 50 \xm depending on the desired 
divergence angle. Again the fast axis divergence can be further controlled by means of 
30 the fast-axis microlens diameter. The slow axis divergence on the other hand is 
controlled by the slow axis sag, which can be determined independently of the fast axis 
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sag, because of the anamorphic nature of the microlens. The slow axis diameter can 
also be used for slow-axis divergence control. An illustration of the image of the 
aperture shape at the light-absorbing material is also shown in FIG. 14. 

The second possibility is to employ the slow axis to expose the light-absorbing 
5 material as illustrated in FIG. 15. Here the slow-axis divergence is controlled by the 
microlens diameter and substrate thickness. The fast-axis divergence is controlled by 
the microlens sag and diameter, independently of the slow-axis constraints. The 
aperture in the light-absorbing material is rotated with respect to the first approach. 

Either one of the above two methods can be used in the screen design but some 
10 considerations must be taken into account based on manufacturability. The first method 
(aperture formation with fast axis) generally provides higher density of light-absorbing 
material since focusing occurs closer to the microlens (smaller focal spot). However, 

there may be difficulties in the availability of thin substrates. Also, substrate thickness 

D 

\U variations become more critical in this case. Control of fast-axis divergence is more 

15 limited because it requires increasing the microlens diameter, which leads to increased 
sag and may pose fabrication difficulties. The second method (aperture formation with 
slow axis) generally provides lower density of light-absorbing material compared with 
"d| the first method since focusing occurs farther away from to the microlens (larger focal 

1:3 

It! spot). On the other hand, thicker substrates (typically in the range 75 - 125 |um) are 

20 more readily available commercially and with better controlled thickness variations. 
Also, because of the higher f/number, the depth of focus is longer, making thickness 
variation of the substrate less critical. Control of fast-axis divergence is more flexible in 
this case because it is more easily controlled with microlens sag, irrespective of 
substrate thickness. In terms of cost, implementation of the first method (aperture 
25 formation with fast axis) is generally more expensive than the second method (aperture 
formation with slow axis). 

The final component in the definition of the screen refers to the spatial 
distribution of the microlenses in the array. To maximize light transmission (efficiency) 
the microlens arrangement preferably is close-packed so that most of the incident light 
30 can be focused and transmitted through the apertures formed in the light-absorbing 
material. This means that the area of the microlens array not used for focusing is 
minimized. In addition to affecting the efficiency of the screen, the spatial arrangement 
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also determines the three-dimensional intensity distribution in viewer space. Thus, for a 
square array the energy is distributed over a square area and for a hexagonal array the 
energy concentrates over a hexagonal area. 

Some of the preferred spatial arrangements according to the present invention 
include: (1) square close-packed; (2) hexagonal close-packed; (3) hexagonal close 
packing of microlenses with spherical boundaries; and (4) random polygonal-boundary 
lenses. An illustration of the square close-packed arrangement is shown in FIG. 16. The 
hexagonal close-packed arrangement is seen in FIG. 17. The hexagonal arrangement of 
microlenses with spherical boundaries is shown in FIG. 18. FIG. 19 shows an 
illustration of the boundaries of an array where the microlens boundaries constitute 
random polygonal lines. 

The interstices between lenses can be kept constant or varied randomly. Another 
variant of this arrangement is illustrated in FIG. 20A illustrates a lens array where the 
interstices between lenses exhibit a random sag interpolation to minimize the 
occurrence of artifacts in the projected image. The importance of interpolation occurs 
whenever the area covered by the microlenses is less than 100% leading to non- 
focusing (interstitial) regions. Maintaining interstitial regions at constant depth may be 
acceptable in some cases but for screen applications it may lead to visual artifacts if the 
interstices are regularly arranged across the array. 

A method for introducing this interstitial random interpolation is illustrated in 
FIG. 20B. For simplicity, consider two microlenses (1 and 2, as shown) and two points 
at the border of each microlens (point PI on microlens 1 and point P2 on microlens 2). 
The interstitial non-focusing region between the microlenses is also indicated as the 
dotted area. There is a depth associated with point PI and also with point P2. Because 
the microlenses in the array are preferably randomized, these two depth values are, in 
general, not identical. 

As shown in the lower portion of FIG. 20B, in accordance with the invention, 
the depth variation along a path between points PI and P2 is defined by an interpolation 
function that defines how the depth varies when going from point PI on microlens 1 to 
point P2 on microlens 2. The interpolation function can be any function that connects 
points PI and P2 in a preferably continuous manner. The maximum depth observed 
within the interpolation function preferably does not exceed the depths at points PI and 
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P2. The path between points PI and P2 can also be arbitrary as long as the whole 
interstitial region is covered. The preferable approach is to consider a direct line 
between opposite points on the perimeter of two neighboring microlenses (if the array 
is regular) or a horizontal/vertical line towards the nearest microlens perimeter point 
5 (for general arrays). Since the microlens array is preferably random, the interpolation 
function between any two perimeter points will also preferably be random leading to a 
more homogeneous scattering pattern. In addition, it facilitates manufacturing because 
sudden depth variations are avoided. 

A practical example is now used to demonstrate the concepts previously 
10 described. This experimental demonstration employs the fast axis in the creation of 
apertures in the light-absorbing material. A side view of the screen structure with 
representative dimensions is shown in FIG. 21. The total depth of the polycarbonate 
microlens array is 20 microns with a polycarbonate substrate of 35-micron thickness. 
The light-absorbing material, made of a commercially available material sold under the 
l P 15 trademark MATCHPRINT manufactured by Imation Inc., Oakdale, MN, presents about 
□ 4 microns of thickness. A top view (microscope picture) of the microlens structure is 

shown in FIG. 22. The lenses are anamorphic with the fast axis running along the 

i vertical direction of this figure. In use, the fast axis will typically be oriented 

J 

II horizontally. The spatial arrangement is a close-packed hexagonal placement of 

20 microlenses with spherical boundaries. In the interstitial spaces between microlenses, a 
random interpolation is carried out whereby the depth varies along the fast direction 
dictated by the sag of two neighboring lenses. 

FIG. 23 shows the apertures in the light-absorbing material. The density of 
light-absorbing material is 80% and the total efficiency of the screen is measured at 
25 84%. FIG. 24 shows a different realization with longer exposure in the aperture- 
creating process. In this case the density of light-absorbing material is 65% and the 
total screen transmission is 88.5%. Note that, because of the spatial arrangement used 
in this practical demonstration (see FIG. 22), the maximum theoretical transmission 
possible through the light-absorbing material is 90%. The present demonstration, in 
30 nearly reaching that value, illustrates the high level of efficiency achievable with the 
invention. It is possible to obtain further improved transmission in the range 90%-95% 
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by employing a close-packed hexagonal array since in this case the maximum 
theoretical efficiency is 100%, neglecting surface losses. 

To complete our description of the present invention, some relevant screen 
prescriptions are now presented. The thickness of the light-absorbing material is 
typically on the order of 4 to 8 microns. The results presented here are based on 
computer simulations for an incident wavelength X = 550 nm. The computer 
simulations were performed in accordance with the teachings of U.S. Patent 
Application No. 09/918,408, filed on July 30, 2001 in the names of G. Michael Morris 
and Tasso R. M. Sales and entitled "STRUCTURED SCREENS FOR CONTROLLED 
SPREADING OF LIGHT," the relevant portions of which are incorporated herein by 
reference. The microlens material and substrate were assumed to be polycarbonate. 
The index of refraction for the exposure of the light-absorbing material equals 1.7 while 
the index for the maximum wavelength in the image-forming spectrum (700 nm) equals 
1.58. The spatial lens arrangement was close-packed hexagonal with a microlens 
diameter equal to 50 jam. The microlens sag function is given as 

where each axis is characterized by a parabolic radius of curvature (R p ), a spherical 
radius of curvature (R s ), and two spherical scaling factors (a* and a,). The lenses are 
anamorphic, implying that the design parameters along directions x and y are distinct. 
In all cases the range of variation for the spherical radius of curvature along the fast 
axis was uniformly distributed between 27 and 32 microns; the spherical scaling for the 
fast axis varied between 0.7 and 1; the spherical radius of curvature along the slow axis 
was uniformly distributed between 40 and 60 microns. The remaining parameters were 
determined according to the methods described above in connection with Eqs. (1) 
through (21). Also, we assumed that the slow axis is used to form the apertures in the 
light-absorbing material. It is clear, however, that either the slow or the fast axis can be 
used in the aperture-forming process. Other expressions for the microlens sag are also 
possible such as the one shown below 
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s(x,y) = a x {R sx - 7^^)+ (» v (24) 

with the possible inclusion of terms with power of 4 and above. The methods of the 
present invention apply equally to any form of the sag function. 

Results are presented in Table II which sets forth the following data: (1) target 
substrate thickness (t); (2) total depth of microlens array Cw); (3) total divergence at 
half-maximum along the fast axis (A9 f ); (4) total divergence at half-maximum along the 
slow axis (A9 S ), (5) gain at 0, 15, 30, and 45 degrees along fast axis (G 9 f ); (6) gain at 0, 
15, 30, and 45 degrees along slow axis (G^s). The divergence is measured from the 
cubic-square-root of the raw intensity as this provides a better model of the eye 
sensitivity and the gain is calculated with respect to a uniform Lambertian scatterer. 
Each row refers to a distinct screen configuration with a distinct screen design, 
according to the invention as described above. 

The data in Table II provides performance information regarding viewing 
angles and relative intensity fall-off. As can be seen in this table, thinner substrates lead 
to wider angles along the slow axis while deeper microlens arrays lead to wider angles 
along the fast axis. As indicated by the gain data, the slow axis generally presents a flat 
scattering profile while the fast axis shows a slower decay, implying acceptable 
viewing angles over nearly the full 180 degrees. 

To complement the data presented in Table II we now look at the density of 
light-absorbing material responsible for ensuring proper ambient light rejection and 
image contrast. Plots of the density of light-absorbing material as a function of 
substrate thickness are shown in FIGS. 25 through 32 for each screen design shown in 
Table II. Note that in all cases the density of light-absorbing material is above 90% at 
the target thickness. As the substrate thickness varies so does the density of light- 
absorbing material. Thinner substrates experience at first an increase in the density of 
light-absorbing material because it gets closer to the focal point of the aperture-forming 
wavelength. This situation is undesirable since the small aperture prevents relevant 
image information associated with long wavelengths in the image-forming spectrum 
from being transmitted. Thicker substrates experience a decrease in the density of light- 
absorbing material because the aperture-exposing spot size increases with thickness. 
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The error bars indicated in FIGS. 25 through 32 represent the variation in density as 
measured by the standard deviation due to the fact that the microlens array is random 
thus reflecting the variation in spot size due to each lens. Still, because the lenses are 
generated according to the present invention, the density of light-absorbing material 
remains high, as desirable. These results are based on a ray-tracing analysis of the 
microlens array. Due to manufacturing errors the profile of each microlens may differ 
from the intended design (generally by less than 20%) causing some rays to deviate 
from the desired focus. As a result, the actual spot size at the light-absorbing material 
may experience some enlargement. Even if one considers a 10-15% variation in 
density due to diffraction effects the aperture density still remains above 80-85%, 
which provides more than adequate ambient-light rejection and contrast. 

A further feature of the present invention, as opposed to the prior art, is that the 
final physical aspect of the light-absorbing material may assume a wider variety of 
appearances, depending on which axis is chosen as fast or slow and/or the shapes of the 
microlenses. This pattern, while not visible to the viewer, is intrinsically related to the 
microlens configuration and design, serving as a kind of signature of the invention. In 
the prior art, one generally finds vertical slits in the light-absorbing material, as 
illustrated in FIG. 33. As shown in this and all remaining figures, the screen is facing 
viewer space with fast and slow axis as indicated. According to the present invention, 
however, there are several other possibilities. For the screen configurations described in 
Table II, for instance, the apertures resemble horizontal lines, as illustrated in FIG. 34. 
But depending on the relative strength of the focusing power of each axis of a given 
microlens other configurations are also possible. FIG. 35 shows the case where the fast 
axis divergence is not enough to overlap the focal spots at the light-absorbing material. 
FIG. 36 shows the case where the fast axis is used to form the apertures but the slow 
axis divergence is not enough to overlap the focal spots at the light-absorbing material. 
FIG. 37 shows the case where the fast axis is used to form the apertures and the slow 
axis divergence is enough to overlap the focal spots at the light-absorbing material. 
This is the case similar to the demonstration shown in FIGS. 23 and 24. FIG. 38 shows 
the case of an array of microlenses with random locations and random polygonal 
boundaries where the slow axis is used to form the apertures but the fast axis 
divergence is not enough to overlap the focal spots at the light-absorbing material. FIG. 
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39 shows the case of an array of microlenses with random locations and random 
polygonal boundaries where the fast axis is used to form the apertures but the slow axis 
divergence is not enough to overlap the focal spots at the light-absorbing material. 
Variations of these combinations may occur whereby some apertures overlap while 
5 others do not. 

Although specific embodiments of the invention have been described and 
illustrated, it will be apparent to those skilled in the art that modifications and 
variations can be made without departing from the invention's spirit and scope. 
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TABLEI 



Non-paraxial 



tanG = 



2(/ 0 +A/) 



D(z) = 



/o + A/-z 



/o+A/ 



t /exp + A /exp /max + 



p(z) = l- 



^"/exp-A/e, N ' 



exp 



/exp+A/ e; 



V y exp 



+ Po 



Equation 



Eq. (2) 



Eq. (3) 



Eq. (5) 



Paraxial 



tanG = 



D 

2/ 0 



D(z) = 



fo 



D 



1 1 

+ ■ 



^ /exp /max 



Eq.(6) p(z) = l-f Z " /exP 



/ 



exp / 



Paraxial (thin-lens approximation) equations and modification for the non-paraxial case 
(microlenses of finite thickness). The meaning of each parameter is as follows. D: 
diameter of microlens; f 0 \ paraxial focal length; z: axial distance from the microlens, 
measured from the point of maximum sag (see Fig. 7); x: optimum substrate thickness; 
fexpi minimum focal point associated with the aperture-forming spectrum; f max ' focal 
length associated with the maximum wavelength in the image- forming spectrum; p: 
density of light-absorbing material after apertures have been created; A/: variation of 
focal length due to the finite thickness of microlens (f 0 + A/denotes position of circle of 
least confusion); D 0 \ aperture diameter at the location of the circle of least confusion; 
p 0 : density of light-absorbing material at the location of the circle of least confusion. 
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TABLE II 



X 


Smax 


Aft,. 




G f ° 


Gf 15 


G f 30 


G f 45 

I 


G s ° 


G s 15 


G s 30 


Gs 45 


50 


20 


82.1 


82.1 


4.2 


3.4 


1.7 


0.4 


4.3 


3.5 


2.196 


0.188 


50 


30 


89.3 


75 


4 


3.6 


2 


0.7 


3.9 


3.1 


2.264 


0.028 


75 


20 


82.1 


53.6 


5.5 


4.5 


2.3 


0.6 


5.4 


4.3 


0.184 


0.006 


75 


30 


96.4 


46.4 


5.2 


4.7 


2.8 


1 


5.1 


3.7 


0.092 


0.015 


100 


20 


82.1 


39.3 


7 


5.8 


3.1 


0.8 


7 


6.4 


0.028 


0.006 


100 


30 


92.8 


32.1 


6.6 


5.8 


3.4 


1.3 


6.3 


4.5 


0.051 


0.017 


125 


20 


82.1 


32.1 


8.6 


7.3 


3.7 


1 


8.3 


1.6 


0.022 


0.006 


125 


30 


92.8 


25 


8.1 


7.1 


4.1 


1.6 


7.8 


0.9 


0.047 


0.018 



Screen performance according to the invention for several cases given substrate 
thickness, x, and maximum sag of the anamorphic microlens array, s max . Angular 
divergence AG is measured at half-maximum. Gain G 9 is calculated at angle 0 with 
respect to a Lambertian scattered Subscripts / and 5 indicate fast and slow axis, 
respectively. 



